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Abstract 
The Energy & Environmental Research Center has conducted an analysis of formation water extraction from carbon dioxide (CO2)
storage reservoirs under joint sponsorship from the IEA Greenhouse Gas R&D Programme and the U.S. Department of Energy. The 
work included a survey of geologic and water quality conditions of deep saline formations, selection of four case study sites 
representing a wide range of these geologic and water quality conditions, and a study of the impacts of formation water extraction 
on CO2 storage and the potential for the beneficial use of extracted water at these sites. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Although near-term opportunities for carbon dioxide (CO2) storage appear strongest for CO2 enhanced oil recovery 
(EOR), deep saline formations (DSFs) still constitute the largest potential global resource for the geologic storage of 
CO2. Their use is, in turn, crucial to the successful scale-up of storage from pilot and demonstration projects to 
commercial operations. However, questions remain related to the capacity and injectivity of DSFs, particularly the 
management of pressure and potential displacement of formation water. Extraction of saline waters from CO2 storage 
formations is a potential method to improve reservoir storage volume, manage CO2 plume migration, reduce cap rock 
exposure to CO2, manage storage reservoir pressure, and/or generate a new source of water for a variety of surface 
uses [1,2,3]. Indirect benefits derived from the treatment and sale of the extracted water may also provide additional 
economic incentives or cost offsets for formation water extraction. 
Extraction of formation water for CO2 plume and pressure management will have a direct impact on the scope and 
costs of monitoring, verification, and accounting (MVA) activities and provide immediate benefits to storage reservoir 
operators for both saline and EOR operations. Although the benefits of storage reservoir management are easily 
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recognized, very few feasibility or economic analysis tools have been developed to examine the costs and benefits of 
treating extracted water for beneficial uses. The potential for beneficial use of extracted water may help offset some of 
the costs associated with developing new water resources for carbon capture and storage (CCS) technology [4,5]. 
Public and private sector water users may also benefit from an additional water source to augment existing supplies for 
a variety of water uses such as industrial process water or agriculture. This potential for additional supply from 
extracted water will become increasingly important as globally available water resources continue to be strained by a 
variety of growth factors [6]. 
Potential rates of water extraction from DSFs, with respect to CO2 storage, are not well understood at this time. 
Extraction rates will depend on site-specific factors, e.g., geologic structure, confining layer permeability and 
heterogeneity, and local reservoir pressure relative to maximum potential reservoir pressure, as well as project design 
features such as the desired CO2 injection rate. Additional challenges will be encountered when large-scale projects 
are considered where there are likely to be multiple injection and water extraction wells. Thorough site 
characterization and modeling provide the primary counter to these reservoir management challenges. 
When brought to the surface, the extracted water from the storage formations will need to be managed, through 
reuse, treatment, or reinjection. For the proposed Gorgon project in Australia, the planned management strategy is 
injection of the extracted formation water into an overlying saline formation [7]. Another disposal option available to 
offshore operations is direct disposal into the sea. This action is dependent on the composition of the formation water 
and applicable local regulations. Alternatively, extracted water could be utilized for a variety of industrial processes, 
such as the cooling process within power stations, or as a source of geothermal energy. Other possibilities include 
desalination of the extracted water, with subsequent beneficial use for agriculture or as a source of drinking water. The 
latter option would depend on the cost of water treatment and on the demand and cost of local water resources. Not all 
extracted waters may be candidates for treatment and use because of the cost/benefit ratio of treating high-salinity 
extracted water. Available water treatment technologies must be assessed to evaluate their applicability to treatment of 
extracted formation water. In all cases, treatment will result in a residual brine or dry salt product that will require 
disposal. The potential rates of formation water extraction must be thoroughly understood before these challenges can 
be accurately addressed. 
2. Extracted Water 
2.1. Extracted Water Quality 
The quality of extracted waters will vary from low-salinity waters from former oil and gas reservoirs where 
hydrocarbons may be the main component of concern to very high salinity waters where beneficial use of the water is 
unlikely, but options for recovery of the geothermal heat, salts, and/or minerals may be considered. 
Extracted water will contain a variety of constituents that will need to be removed before the water could be put to 
beneficial use. The constituents of primary focus for this study are the dissolved inorganic ions, which constitute the 
salinity or total dissolved solids (TDS) of the water. Most of the constituents that may be encountered are listed as 
follows: 
 Dissolved gases 
 Particulates (sand, silt, etc.) 
 Dissolved organics 
 Dissolved salts 
Salinity and chemical makeup of the dissolved species are highly dependent on the characteristics of the sourcing 
formation and cannot be simply inferred from geographic location or depth. While it will always be necessary to 
perform a detailed analysis of the water in a target formation before the potential for use of the extracted water can be 
fully realized, some information is available where oil and gas exploration and development have been most active. 
 R.J. Klapperich et al. /  Energy Procedia  37 ( 2013 )  2479 – 2486 2481
2.2. Water Quality for Beneficial Use 
The water quality of CO2 extracted formation water must be relatively high to be considered for beneficial use. 
These uses include geothermal heat recovery, various agricultural applications, industrial applications such as 
thermoelectric power facilities, and as a drinking water source. The quality of water required for each of these uses 
varies and, in some instances, has specific requirements. As the level of treatment required will vary both by the 
quality of the extracted water and the potential use, the economic viability of this resource is expected to vary highly 
by location. 
2.3. Water Treatment Technologies 
There are challenges to management and treatment of extracted water, many of which are because of the varying 
composition of formation waters. The most common desalination technologies are the thermal processes: multistage 
flash distillation (MSF), multiple effect distillation (MED), and MED combined with thermal vapor compression 
(MED/TVC). The most common membrane systems are reverse osmosis (RO), nanofiltration (NF), and electrodialysis 
reversal. MSF, MED/TVC, and RO are the most widely applied methods for seawater desalination or treatment of 
other highly saline waters. NF is sometimes used as a pretreatment step prior to RO and thermal processes because it 
is effective at removing scale-forming ions. 
The three major high-volume water desalination technologies are RO, MSF, and MED. Part of the reason these 
three systems are the most popular for high-volume applications is that they are all applicable to the use of seawater 
and higher concentration brackish water as the feedwater (Figure 1). The only other desalination system that has been 
commonly applied for high-volume applications at reasonable frequency is EDR. Application of EDR at high-
production volumes is generally limited to desalination of low-concentration brackish waters. 
3. Case Studies 
3.1. Case Study Overview 
To achieve the goal of pairing extracted water quantity and quality, treatment options, and potential CO2 storage 
sites, four “idealized” real-world storage sites were identified and geologically modelled [8]. These relatively 
simplistic 3-D models were developed to simulate different injection and extraction scenarios and incorporate vital, 
heterogeneous reservoir properties, including structure, porosity, permeability, water quality, lithology, temperature, 
and pressure, which were obtained from published sources. When published data were insufficient to capture expected 
heterogeniety or did not appear in the literature, the properties, along with the ranges of variability, were obtained 
from the Average Global Database [9]. 
Fig. 1. Acceptable water quality ranges for water treatment technologies and resulting ranges of brine reject concentrations (MVC stands for 
mechanical vapor compression) 
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Sites were identified and selected to represent currently operating or upcoming commercial-scale CCS projects with 
a variety of reservoir scenarios, climates, and water use demands. In all, four sites were selected that represent a range 
of geologic, geophysical, and climatic conditions (Table 1). Sites range in climate from arid (Gorgon) to temperate 
(Ketzin), with regional water supply ranging from stressed (Teapot Dome) to sufficient (Ketzin). Transportation of 
treated water ranged from manageable when located near population centers, industry, and agriculture (Ketzin) to 
challenging for the Gorgon site, with project infrastructure located on an offshore island and wildlife refuge. 
Transportation issues for Teapot Dome and Zama were in between, with Zama being more remote and isolated and the 
more challenging of the two. Finally, water quality ranges from nearly fresh at Teapot Dome to concentrated brine 
(>180,000-ppm TDS) at Zama and Ketzin. 
The goal of the modeling and simulation efforts was to assess the applicability and potential uses of brine extraction 
in a variety of settings. Published and well-characterized CCS sites were preferred, as the technical information and 
site processes can be better understood and the necessary information exists to produce representative models of the 
sites. With cost-effective planning, the maximum CO2 storage and water production were optimized based on the 
designed CO2 injection rate of 1 million tonnes (1 megatonne) of CO2/year. Additional details related to site 
characterization, modeling methodologies, and simulation results are described in Liu and others [10]. 
In addition to details related to storage capacity, this work also sought to cover the economic viability of treatment 
of water at each storage site and the potential regulatory constraints that may be encountered. Cost analysis for 
treatment and/or production of purified water from the extracted water sites was performed using capital cost and 
energy use estimates as provided in Mickley [11]. 
3.2. Ketzin Site 
The Ketzin pilot-scale injection site served as an excellent test bed for hypothetical large-scale CO2 injection and 
formation water extraction scenarios. The site is well-characterized because of extensive work that has been conducted 
for an ongoing pilot project. The site presents a large structural trap (dome) ideal for CO2 storage. Simulations showed 
the opportunity to double storage potential by utilizing formation water extraction, although even greater gains could 
be achieved by simply using additional wells for CO2 injection. This was the case until the number of wells was 
increased to 25, where in this scenario, the use of injection/extraction well pairs finally outperformed all cases where 
wells were used as injectors [10]. This indicates that even in very good storage reservoirs, such as those at the Ketzin 
Site, the use of injection/extraction well pairs can increase the storage capacity and reduce overall plume size in cases 
where extremely large volumes of CO2 need to be stored, especially if good connectivity can be achieved between 
injection and extraction pairs. 
The formation water quality is of the lowest of the investigated sites, averaging in excess of  
200,000-ppm TDS. This limited the possibilities of beneficial use of extracted formation water. Instead, extracted 
water would need to be either reinjected into a local receiving formation or treated for disposal, requiring use of brine 
crystallization. Treating the volume of water produced by the simulations of storage of approximately 1 million 
tonne/year was estimated to be US$8.02/m3. This was determined to be a cost prohibitive process at this site. 
To date, no specific legal regime for CCS or water extraction exists in Germany. However, regulatory frameworks 
are in place that have allowed for demonstration projects to transpire and brine injection to occur as part of other 
industrial activities. 
Table 1. Selected sites and prominent lithology encountered in target storage reservoirs 
Site Location Depositional Environment Average TDS (ppm) 
Ketzin Central Germany Fluvial 228,000 
Gorgon Offshore Western Australia Clastic slope 23,000 
Teapot Dome Wyoming, western  
  United States 
Mixed; nearshore marine, 
  Eolian, Deltaic 
3,000 
Zama Northern Alberta, Canada Carbonate reef 180,000 
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3.3. Zama Site 
The Zama subbasin has over 700 pinnacles of an average areal extent of 0.16 km2 (0.06 mi2) at the base and 
roughly 122 m (400 ft) high [12]. The pinnacle reef structures of the Zama subbasin provided an excellent opportunity 
to evaluate hypothetical CO2 injection and formation water extraction in a closed system. The reef structures are well 
characterized as some of them contain oil and are under development for enhanced oil recovery. Although each 
individual structure is small, the numerous pinnacles provide theoretical storage capacity to support a commercial-
scale injection project. Because of the closed nature of the reservoirs, water extraction was found to have the most 
dramatic impact at this site, resulting in a maximum of a 13-fold increase in potential storage for a single reef 
structure. Based on these simulations, it was determined that 36 pinnacle reefs could support a 25-year,  
1-million-tonne/year CO2 storage project. 
The formation water quality is very low at this site, averaging in excess of 180,000-ppm TDS. This limited the 
possibilities of beneficial use of extracted formation water. Thus the most likely management option would be 
injection into the overlying Slave Point Formation. Annual treatment costs were estimated to be US$2.57/m3 to 
US$2.58/m3 when using a brine concentrator and between US$8.29/m3 and US$8.41/m3 when using a brine 
crystallizer. These costs were determined to be cost-prohibitive at this site. 
Alberta, Canada, has implemented a variety of regulations related to potential CCS activities and ongoing 
extraction of hydrocarbons and disposal of reservoir fluids. There do not appear to be any substantial regulatory 
barriers to the development of large-scale storage and formation water extraction projects at this time. 
3.4. Gorgon Site 
The Gorgon case study site consists of a large clastic reservoir comprising layered turbidite sequences that have 
excellent properties for injection and CO2 storage. As the site is being developed for a large-scale CO2 storage project, 
reservoir data were available to aid in development of the hypothetical injection scenarios developed for this study. 
Simulations revealed that the addition of water extraction is likely to have only a nominal effect of increasing storage 
in this reservoir. The reservoir has a native storage capacity that far exceeds even the 25-year, 3.8-million-tonne/year 
injection project proposed here. Water extraction was found to be useful as a tool for pressure management and plume 
control at this site, although additional simulations could provide additional optimization over what was presented 
here.  
The formation water quality at the Gorgon site is reasonably high, at approximately 25,000-ppm TDS. This 
presented the opportunity to develop a treatment plan for water extraction utilizing desalination technology similar to 
that used to treat ocean water, in this case likely RO. The remoteness of Barrow Island means that any transportation 
of treated extracted water to onshore municipalities or other locations would be cost-prohibitive. Instead, it is proposed 
that the extracted water could be treated for use at the surface facilities installed on Barrow Island in place of treatment 
of seawater, which would cost between US$0.93/m3 and US$0.86/m3 to treat depending on flow rates and saline 
concentrations. However, other considerations (such as the proven track record of seawater desalination) suggest to the 
authors that in a coastal environment such as this, treatment of extracted water is not likely to occur even though it 
may be technically feasible. 
There do not appear to be any significant regulatory barriers to development of a large-scale CO2 injection project 
with formation water extraction at the Gorgon site.  
3.5. Teapot Dome Site 
The Teapot Dome case study site contains sandstone and limestone reservoirs with high-quality formation water 
and excellent properties for large-scale CO2 injection and storage. A long history of oil production from the region 
means reservoir data were available to help develop the hypothetical CO2 storage scenarios. Simulations evaluated 
both the potential of injection with water extraction and injection of CO2 saturated formation water. Storage capacity 
was nearly doubled with the addition of a water extraction well for both the vertical and horizontal well pair 
configurations. The injection–extraction well pairs also outpaced the two injection well pairs in both the vertical and 
horizontal well simulations, although only by a small margin. Injection of dissolved CO2 was shown to be possible at 
this site but not effective for the large volume of CO2 set as the simulation goal for this report. 
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Water extraction was also found to be useful as a tool for pressure management and plume control at this site, 
although the simulations were not optimized for this purpose and it is likely that additional pressure reduction and 
plume migration influence could be achieved. 
The formation water quality is reported to be below 10,000-ppm TDS, so all treatment cost calculations were 
conducted assuming this figure. Treatment costs for desalination of this formation water were found to be competitive 
with local water supplies and could be improved if flow rates were eventually scaled up to the equivalent of injecting  
4 million tonnes of CO2 per year. Water treatment costs were estimated to range between US$0.97/m
3 and 
US$0.74/m3, depending on sustainable flow rates. While sustainability concerns need to be addressed, the dry local 
climate and increasing local industrial activity make the beneficial use of extracted water at the Teapot Dome site a 
viable and realistic opportunity should such a project ever be undertaken.  
There do not appear to be any significant regulatory barriers to development of a large-scale CO2 injection project 
with formation water extraction at the Teapot Dome site, as a wide variety of water injection and extraction projects 
are currently carried out for various domestic and commercial purposes. 
4. Conclusions 
Extracting water from a CO2 storage reservoir was observed to have variable effects based on the specific nature of 
reservoir rock and reservoir boundary conditions as well as on operational factors such as injection/extraction 
management and placement of wells. The assumption of achieving a 1:1 ratio of injected CO2 to extracted water was 
generally appropriate for increasing CO2 storage capacity. However, in order to perform pressure or plume 
management tasks, the volume of water that must be removed from the reservoir was found to be four or more times 
greater in some cases. 
Simulations of hypothetical injections at the Ketzin and Teapot sites showed potential CO2 storage capacity 
increases of approximately double (197% and 204%, respectively) from formation water extraction. In each of these 
cases, capacity and the relative influence on plume behavior could be enhanced by modifying the injection scheme. At 
the Teapot Dome site, it was found that use of horizontal well pairs could further increase the impact of water 
extraction and increase the CO2 storage capacity. In both of these cases, optimizing simulations to achieve pressure 
maintenance or plume management generally resulted in a decreased reservoir storage capacity with a significant 
increase in the volume of extracted water. The results of these four case studies illustrate the wide range of results that 
may be possible and that geologic and reservoir engineering factors may have a large influence on the final results. It 
can also be said that if it is feasible to utilize a large number of injection and extraction wells, overall storage may be 
increased by a large margin, even in high-quality storage reservoirs. 
The treatment of extracted water for beneficial use is technically achievable. Treatment technologies and systems 
exist or can be designed to manage the volumes and rates of extracted water that may be derived from storage 
activities. However, it is highly unlikely that any extracted water would be put to beneficial use for CO2 storage 
locations that are offshore or in coastal areas. The potential cost savings for use of an extracted water in place of 
seawater for desalination appears to be too small, even for a salinity as low as 10,000-mg/L TDS, to justify use of the 
extracted water in place of the seawater. Use of the extracted water would likely place greater uncertainties on supply 
as ocean sources would be more reliable and longer term than CO2 storage projects. 
In higher TDS locations, it is also unlikely that extracted water would be purified. While technologies exist to treat 
brines with the encountered range of dissolved solids, the cost associated with treatment and implementation would 
likely be too high to justify. Treatment and beneficial use may be feasible under certain conditions: likely a 
combination of low-to-moderate extracted water quality, availability of inexpensive energy, and sufficient local water 
demand. Of the case study sites, the best candidate for treatment and use of extracted water was the Teapot Dome site, 
where estimated treatment costs were comparable to that of local water supplies. While an uninterrupted sustainable 
supply is required for municipal supplies, extracted water could be a supplemental supply, particularly during periods 
of prolonged drought. 
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4.1. Recommendations for Future Research 
Several areas of additional and continued research should be addressed to improve the technology and encourage 
the use of extracting formation water in conjunction with CO2 storage projects. They are as follows: 
 Collect detailed water quality data for potential CO2 storage targets, and develop a global database. This will aid in 
identifying targets with strong beneficial use potential and estimating the costs of water management strategies. 
 Evaluate potential CO2 capacity gains through additional site-specific research in order to increase known impacts 
of formation water extraction on CO2 capacity.  
 Evaluate additional strategies of CO2 plume management using formation water extraction through detailed 
modeling and simulation activities. Evaluations of this type will help expand the knowledge of potential benefits of 
water extraction. 
 Optimize injection simulation scenarios based on the distances between CO2 injection and water extraction wells, 
using site-specific data, as opposed to optimizing the number of wells and/or their locations as was done in this 
study. 
 Develop efficient mechanisms to link potential sources of extracted formation water to potential users of treated 
extracted water. Once water is recognized as applicable for beneficial use, identify water supply shortages or 
bottlenecks in order to evaluate the economic benefit of the possible beneficial uses.  
 Reduce the costs of extracted formation water treatment in order to increase the potential sources of extracted 
water that may be applied toward beneficial uses. Cost reductions may be found through improved technology, 
materials, or process efficiency.  
 Conduct additional research to understand the economic benefits of formation water extraction on a site-specific 
basis. In particular, investigate how the benefit of increased storage capacity relates to the increased costs of the 
additional infrastructure required (additional wells, treatment facilities, etc.). 
 Conduct additional research to evaluate the MVA cost savings associated with extracted water reservoir 
management versus the cost of the additional infrastructure required. 
 Identify reservoir characteristics that may inherently enhance the effectiveness of formation water extraction 
strategies. This could lead to more effective usage of known and future storage targets. 
 Develop formulaic methodology to estimate CO2 storage capacity specific to the use of formation water extraction 
as a reservoir management strategy. This would allow for rapid assessment of the benefits of extraction on known 
and future CO2 storage targets. 
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